Seven novel types of acetylene monomers, 4-oxo-4-(prop-2-ynyloxy)butanoic acid ester derivatives (PSRs), having ester groups of 4¢-substituted phenyl (PSPRs: -H¼PSP; -CN¼PSPCN; -OCH 3 ¼PSPOC 1 ) or 4¢-substituted biphenyl (PSBPRs: -H¼PSBP; -CN¼PSBPCN; -OCH 3 ¼PSBPOC 1 ; -O(CH 2 ) 5 CH 3 ¼PSBPOC 6 ) as a pendant group were synthesized from 4-oxo-4-(prop-2-ynyloxy)butanoic acid (PS) with phenol derivatives and polymerized with a rhodium-catalyzed system. The structures and properties of the polymers were characterized and evaluated by nuclear magnetic resonance, infrared spectroscopy and gel permeation chromatography analyses. The polymerizations of the PSRs were carried out under nitrogen with Rh catalysts in tetrahydrofuran or toluene at 30 1C, producing a good yield of polymers. The resulting polymer showed a thermotropic mesophase as observed through polarized optical microscopy and differential scanning calorimetry. Polymer Journal ( In side-chain LC polymers in which the mesogenic groups are linked through flexible alkyl or poly(alkylene oxide) chains to the polymer backbone, the flexible spacer enables a partial decoupling of the motions of the polymer backbone and the mesogens; thus, mesogens have the potential to adopt flexible behavior similar to that of low-molecular-weight LC compounds.
INTRODUCTION
Liquid crystalline (LC) materials have large anisotropies in their optical, electrical, magnetic and physical properties because of their molecular structure and molecular alignment. 1 These materials can show a variety of characteristic behaviors on the application of electric and magnetic fields. 2 In side-chain LC polymers in which the mesogenic groups are linked through flexible alkyl or poly(alkylene oxide) chains to the polymer backbone, the flexible spacer enables a partial decoupling of the motions of the polymer backbone and the mesogens; thus, mesogens have the potential to adopt flexible behavior similar to that of low-molecular-weight LC compounds.
Polyacetylene is a p-conjugated polymer with at least four possible conformations (cis-transoid, cis-cisoid, trans-transoid and transcisoid). Yashima and co-workers reported the synthesis of cis-transoidal poly((4-carboxyphenyl)acetylene) by the polymerization of (4-carboxyphenyl)acetylene using a rhodium catalyst. The synthesized polymer folded into a preferred-handed helical conformation on complexation with non-racemic primary amines and amino alcohols. 3, 4 Unfortunately, 1-alkynes, which have flexible methylene spacers, show a low polymerization ability and give low sterically controlled polyacetylenes. However, Noyori and co-workers reported that (nbd)Rh + [Z 6 -(C 6 H 5 )-B À (C 6 H 5 ) 3 ], a zwitterionic Rh(I) complex, functions as an excellent initiator of the polymerization of alkylated and aromatic monosubstituted acetylenes without trialkylsilanes. 5 The propargyl group is one of the least expensive compounds and facilitates the synthesis of acetylene derivatives. Despite this, most polyacetylenes are prepared from 1-alkyne derivatives in studies on LC polyacetylenes, and there has been little investigation of LC polymers derived from 2-propyn-1-ol. Koltzenburg et al. 6 reported LC polymers that connected 2-propyn-1-ol and biphenyl groups through alkyl chains by ether bonding. However, no LC polymers connecting 2-propyn-1-ol and biphenyl groups through alkyl chains by ester bonding have been reported.
Bonding groups can influence the molecular properties of liquid crystals because of their geometric and electronic asymmetry. The difference in bonding groups cannot influence the thermal behavior of nematic-phase liquid crystals because the thermal behavior is affected by long-range interactions, such as van der Waals attraction. In contrast, the thermal behavior of smectic-phase liquid crystals is strongly influenced by the orientation of bonding groups. The thermal behavior of smectic-phase liquid crystals is affected by relatively shortrange interactions, such as dipole-dipole or dipole-induced-dipole interactions, in addition to van der Waals attraction. Ester groups, especially, can influence the geometric structure or electrostatic properties because of their geometric and electronic asymmetry. 7 In this study, we focus on the syntheses and characterization of side-chain LC polyacetylenes with succinic acid as a spacer. The polymerizabilities of the 4-oxo-4-(prop-2-ynyloxy)butanoic acid derivatives (PSRs) using (nbd)Rh + [Z 6 -(C 6 H 5 )-B À (C 6 H 5 ) 3 ] and the liquid crystallinity of the polymers were investigated. solvents used for polymerization were distilled using the standard procedure 8 used before, and (nbd)Rh + [Z 6 -(C 6 H 5 )-B À (C 6 H 5 ) 3 ] was prepared from [Rh(nbd)Cl] 2 according to the literature. 9 
Monomer synthesis
Synthesis of 4-oxo-4-(prop-2-ynyloxy)butanoic acid (PS) 10 . Propargyl alcohol (2-propyn-1-ol, 12.0 g, 0.214 mol) and succinic acid anhydride (21.4 g, 0.214 mol) were refluxed at 120 1C for 10 h in an acetic acid (150 ml) solution, after which the acetic acid was evaporated. The reaction mixture was extracted by chloroform and by ethyl acetate, and the organic layer was evaporated. PS was obtained as a pale yellow solid at a yield of 70% with an m. Synthesis of 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-biphenyl ester (PSBP). PS (5.00 g, 32.0 mmol) of SOCl 2 solution (10 ml) was stirred at room temperature for 5 h, and unreacted SOCl 2 was removed under reduced pressure. The residual product was dissolved in 50 ml of dry THF. This solution was added dropwise to a dry THF solution (150 ml) of 4-phenylphenol (6.54 g, 38.4 mmol) and Et 3 N (5.40 ml, 38.4 mol). The reaction mixture was stirred at 0 1C for 1 h and then refluxed for 10 h. After the reaction, THF was evaporated, and the residual product was dissolved in ethyl acetate. The solution was washed with 0.1 M HCl aq. (100 ml), distilled water (100 mlÂ3) and saturated NaHCO 3 aq. (100 ml), and the combined ethyl acetate was dried over Na 2 SO 4 .
The solution was concentrated and purified by column chromatography (silica gel, n-hexane/EtOAc¼2:1) to obtain PSBP as a pale yellow powder at a yield of 24% with an m. On complete polymerization, methanol was added to quench the polymerization. The solutions were concentrated and purified three times by reprecipitation from THF in methanol. The polymers were dried in a vacuum oven at room temperature for 3 days.
Measurements
1 H-and 13 C-NMR spectra were recorded on a JEOL EX-270 and a JEOL GSX-500 spectrometer (JEOL, Tokyo, Japan) in CDCl 3 using tetramethylsilane as an internal standard. The number-and weight-average molecular weights (M n and M w ) of the polymers were determined by gel permeation chromatography on a CROMATOPAC C-R7A plus (SHIMADZU, Kyoto, Japan) (LC-10AS, CTO-2A, SPD-10A, JASCO OR-990) equipped with polystyrene gel columns (SHIMADZU) (HSG-40G, HSG-20H, HSG-15H and HSG-10H) using THF as an eluent at a flow rate of 1.0 ml min À1 and calibrated by polystyrene standards at 50 1C. Phase transition temperatures were determined with a DSC 3100 (BRUKER AXS, Madison, WI, USA) equipped with a liquid nitrogen cooling system at a constant heating/cooling rate of 10 1C min À1 . The textures of the synthesized polymers were observed using an OLYMPUS BHSP polarizing optical microscope (OLYMPUS, Tokyo, Japan) equipped with a METTLER FP82 HT hot stage (METTLER-TOLEDO, Greifensee, Switzerland). Mass spectra were recorded on an LCP Premier XE (WATERS, Milford, MA, USA).
RESULTS AND DISCUSSION
Syntheses and polymerizations of acetylene-based monomers Acetylene monomers with phenyl or biphenyl moieties as a pendant group (PSPRs, PSBPRs) were synthesized from 4-oxo-4-(prop-2-ynyloxy)butanoic acid (PS) with phenol derivatives (Scheme 1). Polymerization of the monomers was carried out in THF or toluene using the rhodium catalyst (nbd)Rh + [Z 6 -(C 6 H 5 )B À (C 6 H 5 ) 3 ] (Scheme 2). The progress of polymerization was monitored by 1 H NMR spectroscopy. The results of the polymerization of PSPRs and PSBPRs are summarized in Table 1 . 
Synthesis of side-chain LC polyacetylenes K Mizuta et al
Polymers were obtained in higher yields by polymerizing PSRs using THF as a solvent than those polymerized using toluene. Poly(PSPR)s (PSP, PSPCN and PSPOC 1 ) were obtained in lower yield and with higher number-average molecular weights than were poly(PSBPR)s (PSBP, PSBPCN, PSBPOC 1 and PSBPOC 6 ). It is interesting to note that PSBPOC 1 was difficult to dissolve, and the corresponding polymer was obtained in low yield (2.4-6.5%), whereas poly(PSBPOC 6 ) was obtained in very high yield (90.5-97.7%) because the chain length of the end groups affected the stability and solubility. These results suggest that solubility is very important to the polymerizability of PSRs.
The cis contents of polymers were calculated by 1 H NMR integration ratios of the cis vinyl proton at 6.6-6.2 p.p.m. and the quarter of -CH 2 -CH 2 -protons at 3.0-2.4 p.p.m. (for example, Figure 1) ; 11 the calculated results are summarized in Table 1 . Higher cis contents were obtained for polymerizations of LC PSBPRs than those of non-liquid crystalline PSPRs. This result suggests that the LC state affected the alignment of acetylene monomers and that the cis content of the main chains was increased.
For comparison, the results of the polymerization of PSBPCN using the rhodium catalyst [Rh(nbd)Cl] 2 are summarized in Table 2 . Using [Rh(nbd)Cl] 2 as a catalyst, the polymer yields were relatively low compared with the yields of polymerizations catalyzed by (nbd)Rh + [Z 6 -(C 6 H 5 )B À (C 6 H 5 ) 3 ]. Moreover, the cis content dramatically decreased by changing the rhodium catalyst to [Rh(nbd)Cl] 2 from (nbd)Rh + [Z 6 -(C 6 H 5 )B À (C 6 H 5 ) 3 ]. These results also show that (nbd)Rh + [Z 6 -(C 6 H 5 )B À (C 6 H 5 ) 3 ] was a better catalyst in polymerizing 1-alkynes and effectively controlled the configuration of the polymer obtained.
LC properties
The mesomorphic phase behaviors of monomers and polymers were characterized by differential scanning calorimetry and polarized optical microscopy. All polymers were measured at a heating rate of 10 1C min À1 . It is notable that the isomerization temperature for the cis to trans transformation in polyacetylenes is in the range of 150-200 1C. 12, 13 The mesomorphic phase behavior during the first cooling scan is summarized in Table 3 . LC textures are shown in Figure 2 , and differential scanning calorimetry curves of poly(PSBPCN) are shown in Figure 3 . PSBPRs exhibited nematic and smectic phases, whereas PSPRs exhibited only a melting point. This difference was probably due to the strength of the intermolecular interactions, such as p-p stacking. In addition, poly(PSBPCN) and poly(PSBPOC 6 ) exhibited the nematic phase. These polymers had relatively high cis contents, 47 and 71%, respectively. The LC properties of polymers are determined by the stereochemistry of the polymer, especially the double bond configuration. High contents of cis double bonds might favor the formation of the more stable and higher-ordered LC phase.
CONCLUSION
In this study, we demonstrated syntheses and polymerizations of PSRs. The polymerizations of PSRs were carried out in THF or toluene using (nbd)Rh + [Z 6 -(C 6 H 5 )-B À (C 6 H 5 ) 3 ]. Poly(PSPR)s were obtained in lower yields but with higher molecular weights than poly(PSBPR)s. PSBPOC 6 exhibited high solubility, and the corresponding polymer using THF as the polymerization solvent was obtained in good yield (97.7%) and high cis content (77%). For the polymerization of PSRs, the solubility of the acetylene monomer was related to the polymer yield. All PSBPRs exhibited the nematic or smectic phase, and poly(PSBPCN) and poly(PSBPOC 6 ) exhibited the nematic phase. Abbreviations: C, crystalline solid; I, isotropic phase; N, nematic phase; PSPCN, 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-cyanophenyl ester; PSPOC 1 , 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-methoxyphenyl ester; PSBP, 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-biphenyl ester; PSBPCN, 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-cyano-4-biphenyl ester; PSBPOC 1 , 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-methoxy-4-biphenyl ester; PSBPOC 6 , 4-oxo-4-(prop-2-ynyloxy)butanoic acid 4¢-hexyloxy-4-biphenyl ester; S, smectic phase. a Run number in Table 1 . b Texture was not observed.
